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Introduction
Armadillos are armoured mammals classified in the family Dasypodidae (Mammalia: Xenarthra). They are endemic of South America, and are widespread on the sub-continent, with some 20 living species (Wetzel 1985) . One of them, Dasypus novemcinctus Linnaeus, 1758, reaches the southern USA. The group has a long history, their remains being known from the middle Palaeocene of South America (Patterson and Pascual 1972) . Almost all species are, to some extent, fossorial. Digging is accomplished chiefly by a strong extension of their forearms. This paper will test a hypothesis of the relationship between the fossorial habits of armadillos and their ulnar morphology. The relative length of the olecranon seemed to be potentially revealing, for it has a well-known association with fossorial habits (Shimer 1903) . On the other hand, a short olecranon implies a selection for fast, rather than powerful, extension of the forearm (Fariña and Blanco 1996) . Further, that feature is easily studied both in living and fossil species. Quantitative approaches have been developed in the past (Goldstein 1972, Hildebrand and Hildebrand 1994) . However, they have not been extensively applied to South American mammals, nor has the problem of possible allometric effects been properly addressed. The family Dasypodidae is an appropriate group with which to test this hypothesis, because it is clearly monophyletic with species in a variety of sizes.
For comparative purposes, other mammals were considered in this study, involving other 14 species of mammals (mostly from South America) belonging to 3 orders and 11 families. Their habits range from cursorial to burrowing.
Material and methods
A total of 135 ulnae of several species belonging to 4 orders of (mostly) South American mammals were used (Table 1 ). In the case of armadillos (77 individuals belonging to 14 species), they represent the breadth of systematic diversity of the group at the tribe or subfamily level, following the classification proposed by Scillato-Yané (1980) . Also, these animals range through three orders of magnitude in body mass from the 120 g pygmy armadillo Chlamyphorus truncatus Harlan, 1825 to the almost 50 kg giant armadillo Priodontes maximus (Kerr, 1792) . The species used in this study were housed in the collections of the institutions listed in Appendix 1.
The fossorial habits of the animals studied were classified into 3 categories, namely mostly cursorial (sensu Jenkins 1971 and Stein and Casinos 1997 : "cursorial mammals are those terrestrial quadrupeds that posses vertically-oriented limbs which move in a parasagittal plane, regardless of the gait being employed") and non-digging mammals (category 1); species that often dig, but to which digging plays no essential part in their alimentary strategy and are not burrowers (category 2); and species that are burrowers or that feed on termites or ants (category 3), as in both cases the digging movements of the forearm are the same, namely, a strong extension of the forearm. The choice for including a particular species in one of those three categories was accomplished according to data gathered from the literature (for instance, Nowak 1991) and from personal field observations. The naked-tailed armadillos Cabassous spp. and the pygmy Chlamyphorus truncatus have extremely fossorial habits (Nowak 1991) . The giant armadillo Priodontes maximus is considered a powerful and rapid digger, and shelters in burrows of its own construction (Nowak 1991) .
The three-banded armadillo Tolypeutes matacus (Desmarest, 1804) is the most cursorial within the family. Nowak (1991) states that this species does not seem to dig holes.
Those armadillos of the category 2 belong to the subfamilies Dasypodinae and Euphrachtinae. All these species for which habits are known have the average fossorial habits expected for the members of the group. However, this can only be tentatively said about Dasypus kappleri Krauss, 1862, because the habits of this species are not well known.
In Carnivora, the maned wolf Chrysocyon brachyurus (Illiger, 1815) and Geoffroy's cat Felis geoffroyi d'Orbigny and Gervais, 1842 are non-diggers. The grey fox Dusicyon gymnocercus (Fischer, 1814) has been reported to have its dens in burrows made by other animals, such as viscachas and armadillos (Nowak 1991) . Finally, the skunks Conepatus spp. have the highest ratio and dig their own burrow as well as using burrows dug by other animals (Redford and Eisenberg 1989) .
While the huemul Hippocamelus bisulcus (Molina, 1782) like other deer is completely cursorial, the wild boar Sus scrofa Linnaeus, 1758 has also the well-known digging habits of suids. To some extent, this is valid for the peccary Tayassu pécari (Link, 1795) .
Within the five species of rodents under analysis, the Patagonian hare Dolichotis patagonum (Zimmerman, 1780) and the agouti Dasyprocta punctata Gray, 1842 are cursorial mammals (Nowak 1991 shelter, tiis rodent takes over the hole of another animal or constructs its own burrow. The latter may be a singe tunnel or a complex system containing passages that extend 15 m or more and chambers (Nowak 1991) . Viscacha Lagostomus maximus (Desmarest, 1817) constructs extensive burrow systems, called "vEcacheras", some of which are used for centuries and may cover up to 600 m . To construct these burows some 8 m 3 have to be moved, which illustrates the digging ability of this species (Nowak 1991) . Fnally, the capybara Hydrochaeris hydrochaeris (Linnaeus, 1766) is not known to dig whatsoever.
The neasurements taken on this material are shown in Fig. 1 . Total ulnar length (UL) was measurec from the tip of the olecranon to the tip of the styloid process, and olecranon length (OL) as the distaice from the tip of the olecranon to a point the middle of the semilunar notch. Ulnar and olecranoi lengths were measured in cleaned bones of adult individuals with appropriate callipers to the neartst 0.1 mm. Also, lengths were measured on the right forearm whenever the landmarks were intact. If they were not, the left forearm was used instead.
The index of fossorial ability (IFA) was obtained by dividing OL by the subtraction UL minus OL. This index describes the relative mechanical advantage of the triceps muscle (Hildebrand and Hildebrand 1994) . This muscle is the main extensor of the forearm, and is extensively used by those mammals that dig with movements of the whole arm.
Univariate statistics used are described in standard textbooks (Sokal and Rohlf 1981) and listed for each species in Table 1 . IFA means of the studied mammal orders were compared using one-way analysis of variance (ANOVA) on log-transformed data and Scheffe's multiple-range test at the 0.05 level of significance. The same analyses were computed among subfamilies of Dasypodidae and also among families in each of the remaining orders. Data were log-transformed to stabilize the variance. The Scheffe's test was used because it is conservative, requiring larger differences between population means for significance ments of total ulnar length (UL, a) thjm mQst mu l t ipl e -comparison methods. obtlined^1
1011 ^^ ^ &> ^ Bivariate size allometry was assessed by fitting the following allometric model for two random variables X and Y (Huxley 1932 , Gould 1966 , notation follows Ricker 1984): Y= aJC. This power equation was linearised by log-transformation (base 10) into log Y = loga + b logX. Considerable controversy surrounds the statistical methods used to estimate the two parameters, log a (intercept) and b (slope or allometric coefficient), although most applications have been based on simple (least squares) linear regressions of log Fon logX This method is easy to use and permits calculation of standard error (SE) of the slope estimate but assumes, usually wrongly, that only Y is subject to measurement error or natural variability or both. Geometric mean regressions (GMR) provide a slope which is the geometric mean of the estimate derived from log Y (linearly) regressed on log X and the inverse of that derived from regressing log X on log Y (Ricker 1973 (Ricker , 1984 . Both methods were employed (see Swartz and Biewener 1992) in order to test the relationship of forearm skeletal dimensions and body size in armadillos. Hence, the following regressions of log-transformed data were calculated: ulnar and olecranon length versus body mass, and olecranon length versus ulnar length (also performed for comparison in each of the remaining mammal orders considered). Each slope (using the 95 % confidence limits) was tested against the null hypothesis of isometry, ie the maintenance of geometric similarity with size increase: [3 = 1/3 for osteometric lengths against body mass, and ¡i = 1 for olecranon length as compared to ulnar length. Also, the relationship of IFA and body size in armadillos was analysed.
Body masses were not available for all the studied individuals. Nevertheless, the masses of most species belonging to the family Dasypodidae were obtained and averaged from the literature (Rood 1970 , McNab 1980 , Wetzel 1985 , Fariña and Vizcaino 1997 . The mass of Cabassous chacoensis Wetzel, 1980 was estimated by scaling down that of C. tatouay (Desmarest, 1804) (see Redford and Eisenberg 1989) .
The bivariate relationships between IFA and the fossorial categories (considering all the species studied or the species of each order separately) were explored with least-squares linear regressions of log-transformed data.
We use nomenclature as in general books on mammals, such as Nowak (1991). 
Results
ANOVA and Scheffe's multiple-range test showed that IFA means differ significantly among all orders studied (F = 232.65, df = 3, 131, p < 0.0001). Moreover, the variability among orders was greater than the variability within each order, as evidenced by their relative sums of squares (59.7 and 11.2, respectively). IFA values of the Dasypodidae were the highest, with a mean (± SD) of 0.74 ± 0.18 (range 0.47-1.26, n = 77). Among them, the three-banded armadillo Tolypeutes matacus is in the lowest extreme, while the naked-tailed Cabassous chacoensis and the pigmy armadillo Chlamyphorus truncatus are the species whose values are the highest. The rest of the dasypodids yielded intermediate figures.
The species belonging to order Carnivora shows the lowest IFA values, with a mean of 0.17 ± 0.07 (range 0.08-0.32, n = 29). The skunks Conepatus spp. have the highest values, whereas the index for the maned wolf Chrysocyon brachyurus is the lowest. The grey fox Dusicyon gymnocercus and the Geoffroy's cat Felis geoffroyi lie between them, and closer to the latter.
The studied species of Rodentia have higher IFA values than those observed in Carnivora, with a mean of 0.25 ± 0.08 (range 0.16-0.39, n = 26). The rodents range from the Patagonian hare Dolichotispatagonum and the agoutis Dasyprocta spp. in the lower extreme to the capybara Hydrochaeris hydrochaeris at the upper limit. The coypo Myocastor coypus and the viscacha Lagostomus maximus are at an intermediate level.
IFA values of the studied species of Artiodactyla were higher than those of Rodentia, with a mean of 0.42 ± 0.18 (range 0.26-0.61, n = 3). Among them, the huemul Hippocamelus bisulcus has the lowest value, the wild boar Sus scrofa, the highest and the peccary Tayassu pécari has an intermediate value.
ANOVA and Scheffe's test performed on Dasypodidae showed that IFA means of the subfamilies were significantly different (F = 44.61, df = 4, 72, p < 0.0001), except for Dasypodinae and Euphrachtinae. In Carnivora, IFA means differ significantly among all families studied (F = 59.75, df = 2, 26, p < 0.0001). Similar results were observed in Rodentia (F = 24.16, df = 4, 21, p < 0.0001), except for Myocastoridae and Chinchillidae. It was not possible to compare IFA means of the three families of Artiodactyla due to the very low number of specimens (n = 1, each family).
In armadillos, the size-allometric relationship between ulnar length and body mass exhibits isometry (b = 0.30, SE = 0.02,p > 0.10, r = 0.98, n = 14, Fig. 2a ). The same was observed for olecranon length versus body mass (b = 0.29, SE = 0.04, p > 0.25, r = 0.92, n = 14, Fig. 2b) . Also, the relationship between olecranon length and ulnar length shows no change of shape with size increase {b = 0.94, SE = 0.10,p > 0.50, r = 0.93, n = 14). The same is valid for the species of Rodentia (6 = 1.16, SE = 0.30, p > 0.60, r = 0.89, n = 6). In Carnivora a strong negative allometry was observed between these forearm dimensions (6 = 0.46, SE = 0.08, p < 0.01, r = 0.96, n = 5). For the species of Artiodactyla, olecranon length was not significantly correlated with ulnar length (r = 0.62, n = 3, p > 0.55), although the very small sample could obscure the relationship. Considering all the species studied, the slope of the regression between olecranon length and ulnar length is significantly different from isometry (b = 0.50, SE = 0.13,p < 0.001, r = 0.59, n = 28, Fig. 3) . In all the analysed size-allometric relationships, but in the last two cases, very similar results were obtained using the slope of a geometric mean regression as a consequence of the usually high correlation coefficients. In the last case, since the correlation coefficient is not very high, the slope calculated after the geometric mean regression method had a different value (b = 0.84), and thus, the isometric hypothesis would cannot be rejected (p > 0.10). In armadillos, IFA values were not significantly correlated with body mass (r = -0.14, n = 14, p > 0.60).
On the other hand, and considering all the species studied, the increase in IFA values was significantly and positively correlated with the fossorial categories Log ulnar length (mm) (6 = 1.20, SE = 0.12, r = 0.65, n = 131, p < 0.00001). Similar results were observed in Dasypodidae (b = 0.67, SE = 0.07, r = 0.77, n = 73,p < 0.00001) and Carnivora Cb = 0.79, SE = 0.16, r = 0.68, n = 29, p < 0.0001). When all the species of Rodentia were considered, the correlation was non-significant (r = 0.24, n = 26, p > 0.20). However, if the capybara H. hydrochaeris is excluded, the increase in IFA values turns out to be significantly and positively correlated with the fossorial categories (ib = 0.30, SE = 0.07, r = 0.70, n = 22,p < 0.001). In the species of Artiodactyla, IFA values were not significantly correlated with fossorial categories (r = 0.85, n -3, p > 0.35), although this lack of relationship could be again attributed to the low n.
Discussion
As expected, the results obtained indicate that the trend to fossoriality in living armadillos is correlated with the relative development of the olecranon process. This development is interpreted as an improvement of the mechanical advantage of the triceps muscle, the forearm extensor.
We took the ratio of the length of the olecranon to total ulnar length to construct an index of fossorial ability. Though there are some caveats to this approach, for instance, hardness of the substrate and differential strength of the muscle itself (respectively influencing the output and input forces), it seemed to be useful to appreciate the fossorial abilities in those species through this character.
It could be argued that another possible problem posed by this approach might be size dependence of IFA. In an earlier research, we included the large extinct species Propraopus granáis . In that paper, ulnar dimensions in armadillos were observed to depart from the geometric similarity, as predicted by Casinos et al. (1993) for other fossorial mammals. Geometric similarity predicts that linear dimensions vary in regard to body mass with an exponent (or a coefficient, if logarithms are taken) of 1/3, surfaces with an exponent of 2/3 and volumes with an exponent of 1. In log-log scale, ulnar length varied with regard to body mass with a coefficient of slightly less than 1/3. In the present paper (which excludes the large fossil species P. granáis and includes the small to average-sized living species of the genus Cabassous as well as Euphractus sexcinctus (Linnaeus, 1758), the theoretical value 1/3 falls within the 95 % confidence interval of the slope of ulnar length to body mass (0.26 < (3 < 0.35). Hence, the slope calculated for this relationship (b = 0.30) did not differ significantly from the theoretical one of 1/3 (p > 0.10). In other words, its variation is explained by geometric similarity.
The length of the olecranon also tends to vary in regard to body mass according to geometric similarity. The slope of the calculated regression is 0.29, and hence this value did not differ significantly from 1/3 (p > 0.25).
Moreover, the relative olecranon length also does not seem to be affected by allometric relationships; olecranon length varies with regard to total ulnar length with a coefficient statistically indistinguishable from 1 (p > 0.50) when armadillos of a broad range of sizes were studied. Thus, it can be safely stated that IFA does not vary with body mass in armadillos, which was corroborated when this index was regressed against body mass.
This result is rather surprising. Positive allometric relationship between the effective mechanical advantage for the elbow (defined as the ratio muscle moment arm -which is equivalent to our olecranon length -to the moment arm of the ground reaction force -which is ulnar length plus manus length) and body mass have been found in seven generalized mammals (Biewener 1989) ; the slope of the appropriate regression was 0.26. Also, Alexander et al. (1981) found a positive allometric relationship {b = 0.46) between the triceps moment arm and body mass for a large set of mammals. For the mammals studied in the present research, the relationship between olecranon length and ulnar length is isometric (p > 0.50), except for the Carnivora, in which this relationship is allometrically negative (p < 0.01). Such incongruity can be more easily explained in both armadillos and South American (caviomorph) rodents, two digging groups that were not considered in the cited papers. As for the Carnivora, the results obtained remain unexplained.
The naked-tailed armadillo Cabassous chacoensis and the pygmy Chlamyphorus truncatus show the higher values of IFA (Table 1) and are the better equipped for fossoriality. Their habits are congruent with these results. The most cursorial armadillo, the three-banded Tolypeutes matacus, shows the lowest IFA of the family. Those armadillos of the category 2 belong to the subfamilies Dasypodinae and Euphrachtinae, and also have intermediate values for IFA. However, this congruence can only be tentatively said about Dasypus kappleri, because the habits of this species are not well known. The IFA predicts the same fossorial habits for this species as those of the other two cogeneric species studied here.
The situation is not different in the other mammalian groups chosen for testing. Indeed, within the group, those mammals of habits known to be less fossorial tend to have lower values of IFA, and vice versa.
In the Carnivora, the species showing the lowest values, i.e. the maned wolf is a non-digger. The grey fox and the Geoffroy's cat have slightly higher values, and the skunks Conepatus spp. have the highest ratio.
The wild boar has a higher value than the huemul, in agreement with the well-known digging habits of suids and the cursorial adaptation of deer.
Within the six species of rodents under analysis, the cursorial Patagonian hare and the agoutis are at the lowest extreme of IFA. The intermediate situation is represented by the coypo. Within rodents, the viscacha shows the second highest value. In this order, the capybara is the clear exception to the congruence found so far between the values of IFA and habits, as this giant rodent is not reported to be a digger. If, for the sake of the argument, the capybara is considered as belonging to category 2, the increase in IFA values for rodents turns out to be significantly and positively correlated with the fossorial categories (b = 0.38, SE = 0.10, r = 0.63, n = 26, p < 0.001). This higher than expected IFA of H. hydrochaeris might be related to the swimming habits in this species, although this has not been appropriately studied, and it is out of the scope of this paper. Goldstein (1972) studied some unspecialised burrowing mammals, as sciurids and rabbits. His results are comparable to ours.
However, between the orders, the index seems to be less useful for identifying species in regard to their digging habits, as those species of similar habits but belonging to different orders tend to resemble their nearer relatives in their values of IFA. Each group appears to have its own distinctive range of IFAs. For instance, the viscacha, a powerful digger, shows a lower figure than does the cursorial three banded armadillo. This paradox might be explained by the proposal that the phylogenetic history poses constraints that become stronger at higher taxonomic levels (Richman and Price 1992) .
As can be observed in Fig. 2a , Dasypus novemcinctus has a longer ulna than expected. However, as its olecranon is also longer than expected (Fig. 2b) , its IFA falls to average values for an armadillo. On the other hand, Cabassous centralis (Miller, 1899) show a very short ulna for its size, and the olecranon is as long as expected for an armadillo of its size. Its cogeneric C. chacoensis seems to have relied on a different evolutionary improvement of the mechanical advantage of the triceps muscle; its ulna is the size expected for an armadillo of its size, while the olecranon is much longer than expected.
Ir. Fig. 3 , those armadillos of the subfamily Priodontinae tend to have longer olecranon for their total ulnar length, as well as the boar and the capybara. On the other extreme, the Geoffroy's cat, the agoutis and the grey fox are among the mammals that show shorter olecranon for their total ulnar length.
Summing up, the index of fossorial ability was effective in identifying diggers, either in armadillos or other mammals. Within every group, the animals that are known to be more specialized for digging show higher values, and the opposite is true for those of more cursorial habits. Between the orders studied, IFA was not as good a predictor of digging habits.
This approach opens the opportunity to infer fossorial habits in fossil species for which the forearm skeleton is sufficiently known, particularly those belonging to the members of the varied fauna of extinct South American armadillos (Vizcaino and Fariña 1997) . Moreover, it would be most interesting to apply this technique more thoroughly to other monophyletic groups of forearm-digging mammals. Also, the regression relating IFA to fossorial categories could be used for inverse prediction of potential digging habits in extinct armadillos. If conversions of IFA to fossorial category are the sole concern, the geometric mean line should be used for estimating the fossorial category from IFA, and vice versa.
